Summary Little is known on aphid-induced emissions of volatile organic compounds (VOCs) from trees and particularly on their intraspecific variability in association with resistance traits. We compared VOC emissions from five peach cultivars (Prunus persica (L.) Batsch) and a wild relative (Prunus davidiana (Carrière) Franch) that differ in their level (susceptible/resistant) and type (antixenosis, antibiosis) of resistance to the green peach aphid, Myzus persicae (Sulzer). Additionally, the kinetics of VOC induction in response to aphids was compared with that by mechanical wounding. Qualitative and overall quantitative differences among peach genotypes were found in VOC emissions that were mainly composed of methyl-salicylate, farnesenes, (E)-β-ocimene and (E)-4,8-dimethyl-1,3,7-nonatriene. Irrespective of the type of resistance, all resistant genotypes had increased VOC emissions upon aphid attack, while in susceptible genotypes emissions remained low. Emission increases were highest in the genotypes that express increased aphid resistance during second infestations, which had also the highest proportions of methyl-salicylate in their emissions. VOC induction by aphids proceeded slowly with a delay of several hours. Artificial wounding of leaves did not result in emissions of aphid-induced VOCs but caused an immediate burst of green leaf volatiles and benzaldehyde. We conclude that VOC induction in resistant peach cultivars is part of a general defence syndrome that is being avoided or suppressed by M. persicae in the susceptible genotypes. The induction likely involves an aphid-specific elicitor and (methyl)-salicylate in the subsequent signalling and regulation processes that should include gene activation due to the marked delay in the emission response. The results are compared with those of the literature and discussed in view of their ecological and environmental significance.
Introduction
It is widely recognized that plants are the source of a large diversity of volatile organic compounds (VOCs) (Pichersky et al. 2006) . Some VOCs such as isoprene are constitutively emitted by specific groups of plants, while others are episodically emitted by all plants (Kesselmeier and Staudt 1999) . In recent decades, many studies have shown that plants produce VOCs in response to attacks by herbivorous insects and that these induced VOC emissions can confer protection to the plant by acting as signalling compounds at different trophic levels (Arimura et al. 2009, Dicke and Baldwin 2010 and references therein). As such, herbivore-induced VOC emissions have been shown to directly deter further attack by herbivorous insects (e.g., Kessler and Baldwin 2001) or to attract predators or parasitoids of the feeding insect (e.g., Dicke and Sabelis 1988) . Furthermore, VOCs released from the attacked plant parts can also serve as airborne phytohormones inducing defence responses in the non-attacked tissues of the same plant (e.g., Heil and Silva Bueno 2007) or of neighbouring plants (e.g., Baldwin et al. 2006) . Together, there is increasing evidence that induced VOC emissions are an important part of defence strategies against herbivorous insects that plants have evolved owing to their sessile nature.
While a lot of the literature describes the induction of VOC emission in plants by herbivore attacks and the role of these VOCs as semiochemicals in trophic relations, only a limited number of studies reports on the existence of intraspecific di-vergence in stress-inducible VOC production and its relation to the plants' capacity to defend against attackers. For instance, studies on maize revealed that European maize lines are less damaged by a corn root worm than American lines due to the fact that the former release upon infestation a sesquiterpene from their roots, which attracts a corn worm parasitizing nematode (Degenhardt et al. 2009 and references therein) . Such case studies suggest a pivotal role of intraspecific variability of induced odour emissions from plants in shaping both the aboveground and belowground insect communities of ecosystems (Poelman et al. 2008, Mooney and Agrawal 2008) and open perspectives to limit insect pests in an ecologically friendly way by breeding or engineering cultivars that attract natural bodyguards (Aharoni et al. 2003 , Kappers et al. 2005 , Beale et al. 2006 , Lou et al. 2006 . To date, intraspecific variability in plant VOC release has been particularly rarely reported for emissions induced by piercing-sucking insects (Krips et al. 2001 , Scutareanu et al. 2003 , Nissinen et al. 2005 and, within this feeding guild, never in response to aphids, although these tiny phloem-feeding insects cause heavy losses in sylviculture and agriculture (Goggin 2007, Guerrieri and Digilio 2008) . This could be because the amounts of VOCs emitted by plants in response to phloem feeders are generally low, sometimes completely absent (Turlings et al. 1998 , Rodriguez-Saona et al. 2003 , Nissinen et al. 2005 , Williams et al. 2005 , Pareja et al. 2007 , Joó et al. 2010 , probably because phloem feeders, unlike chewing herbivorous insects, inflict only minimal tissue damage to their host plants and may circumvent or offset stress signalling leading to VOC formation (Walling 2008) . Defence reactions other than the induction of VOCs, such as the formation of protease inhibitors (Goggin 2007) , the accumulation of alkaloids (Cardoza et al. 2006) , cardenolides (Zehnder and Hunter 2007) , glucosinates , diverse phenolic compounds (Ranger et al. 2007 ) as well as morphological structures (Alvarez et al. 2006) have been shown to be strongly involved in aphidplant interactions and in the occurrence of intraspecific variability in plant resistance to aphids (Smith and Boyko 2007 , Gao et al. 2008 , Walling 2008 . However, Holopainen (2008) and Dewhirst and Pickett (2010) recapitulated that many aphids as well as aphid parasitoids or predators are able to use plant VOCs for finding their hosts or prey. Thus, although not always detectable, aphid-induced VOC emissions may be common in plants and could play a key role in the natural regulation of aphid communities especially of those of woody plants.
In addition to their ecological functions, VOC emissions induced by aphids and other herbivorous insects may represent a substantial portion of the total amount of VOCs released by the vegetation cover into the atmosphere (Arneth and Niinemets 2010) . Plant VOC emissions have been recognized to play important roles in air chemical processes affecting regional and global air quality and climate (Atkinson and Arey 2003) . As a result, global changes in VOC emissions due to current greenhouse gas emissions and land use changes may have important feedback on climate evolution (Kulmala et al. 2004, Peñuelas and Staudt 2010) . So far, biotic stress-induced VOCs are unaccounted for in large-scale emission estimates due to the limited number of studies that measured quantitatively induced VOC emissions under close-to-nature conditions (Arneth and Niinemets 2010) .
In this article, we report on VOC emissions from five genotypes of peach (Prunus persica (L.) Batsch) and a related wild species (Prunus davidiana (Carrière) Franch) that all differ in their ability and strength of their resistance to one of the major pests in peach farming, the green peach aphid Myzus persicae (Sauge et al. 1998a (Sauge et al. , 1998b (Sauge et al. , 2006 . We quantitatively monitored the release of VOCs from aphid-attacked apices and non-attacked controls under environmentally controlled conditions. In addition, we compared the induction of VOC emission by aphids with that by mechanical wounding. The results are compared with data from the literature and are discussed in view of the ecological significance of aphid-induced VOC emissions and the underlying mechanisms.
Materials and methods

Plants and insects
The experiments were performed on five peach cultivars (P. persica (L.) Batsch) and one wild related species (P. davidiana (Carrière) Franch) that differ in their compatibility to M. persicae as summarized in Table 1 . Some of the genotypes are sources of resistance to various enemies of peach and are being exploited in breeding programmes for the improvement of peach resistance to pathogens and pests. From all Prunus genotypes, scions of a same-mother plant were grafted onto GF305 peach rootstocks. Grafted plants were potted in a commercial horticultural mix and grown in greenhouses. They were watered daily with a fertilizing solution and surveyed to keep them free of insects and pathogens.
The green peach aphid M. persicae (Sulzer) was used to test the effect of aphid attack on the emission of volatile organic compounds from Prunus apices. The aphid colony was established from a single M. persicae (clone Mp03) collected on a peach tree in summer 1997 in Avignon . Wingless adults were continuously reared on peach seedlings (cv. GF305).
All biological material was sourced from the INRA Fruit Breeding Station in Avignon, France and transferred to an air-conditioned and insect-proofed greenhouse compartment (day/night temperatures 25/20°C) on the campus in Montpellier, France. Subsequent to transfer, plants and aphids were acclimated for about 4 days prior to experimentation.
Experimental set-up and protocol
Screening of Prunus genotypes for VOC emissions To screen the six Prunus genotypes for aphid-induced VOC emissions, an apex was infested with 20 adult wingless aphids by means of a wetted, fine brush and a loupe (ZEISS Kopflupe L). After infestation, the whole plant was covered with a cage of fine-mesh gauze to avoid aphids moving to neighbouring plants. Infested plants were left in the glasshouse for approximately 48 h before VOC measurements. This timing was chosen on the basis of the time courses of VOC induction reported in the literature (e.g., Kunert et al. 2002 , Schaub et al. 2010 and verified by measuring the induction kinetics of VOC emissions in selected genotypes (see below and Figure 1 ). In addition, the induction of other defence reactions in the resistant genotype Rubira has been shown to proceed within 48 h .
Uninfested controls were covered with cages as the infested plants and kept in the same greenhouse to ensure that all plants were adapted to similar environmental conditions. Measurements were made on three to four replicate plants for each Prunus genotype.
To measure VOC emissions, the apex of an infested plant and the apex of a non-infested plant were carefully placed in a dynamic enclosure system. The enclosed apices consisted of approximately eight developing leaves plus the apical, nonlignified stem. At the same time, the number of remaining adult aphids on the infested plant was visually estimated. The enclosure system consisted of two identical transparent, Teflon-lined chambers of approximately 1.5 l in volume (see Staudt et al. 2000 for a more detailed description). The chambers were continuously flushed with compressed air (Ingersoll Rand compressor Mod. 49810187) at a constant rate of 0.5 l min −1 (regulated by a Brooks mass flow controller), which was cleaned and dried in a clean air generator (AIRMOPURE, Chromatotec, France) and re-humidified by by-passing a variable portion of the air stream through a washing bottle to achieve a relative humidity of about 30%. Due to the transpiration of the enclosed apices, the relative humidity inside the chambers ranged between 50 and 80% during measurements. Air within the chambers was continually mixed using low-speed Teflon bladed fans. Chamber air temperature was maintained at 25 ± 1°C by air conditioning of the experimental room. The enclosed apices were illuminated at a 400 ± 50 μmol m −2 s −1 photosynthetic photon flux (PPF) using an overhead, broad-spectrum, sodium pressure lamp (Osram, 1000 W) filtered with a 5-cm water bath. VOC emissions together with CO 2 /H 2 O gas exchanges were determined after an acclimation of about 1 h. Afterwards, the enclosed apex of each plant was cut off to determine the projected leaf area with an optical area meter (Delta-T devices Ltd, Cambridge, UK). The leaves were then oven-dried at 60°C for at least 48 h to determine the leaf dry weight.
Time courses of VOC induction in response to wounding and aphid attack The induction of VOCs in response to wounding were compared with that of aphid attack in two of the P. persica genotypes, Rubira and GF305, which show contrasting phenotypes in terms of VOC release and resistance to M. persicae infestation (Table 1) . For this purpose, the apices of two untreated plants were fitted into the chambers of the enclosure system, and VOC emissions were measured once after an acclimation time of 1 h. Then, one of the two chambers Sauge et al. (1998b Sauge et al. ( , 2002 Sauge et al. ( , 2006 . Monet and Massonié (1994).
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Antibiosis affects the biology of the insect so that pest abundance is reduced. Antibiosis often results in increased mortality or reduced longevity and reproduction of the insect. ) of individual major VOCs and sum of all VOCs from uninfested and M. persicae infested Prunus genotypes differing in resistance to M. persicae. Measurements were made at 25°C and 400 μmol m −2 s −1 PPF after about 48 h of infestation with 20 adult aphids (number ± SE of remaining aphids given in parenthesis). ANOVA results in the right columns denote significance levels for the effects of genotype, aphid infestation and interaction of both (GxA): *5% (P < 0.05); **1% (P < 0.01); ***0.1% (P < 0.001); NS, not significant (P > 0.05). Superscript + in the results indicates statistically significant differences (P<0.05) between the mean emission rates of aphid-infested and control plants (Student-Newman-Keuls test).
Prunus genotype ANOVA P-values
E-β-Ocimene 0.4 ± 0.2 1.1 ± 0.6 0.4 ± 0.1 0.6 ± 001 0.5 ± 0.1 2.4 ± 0.6 + 0.9 ± 0.3 1.1 ± 0.3 3.2 ± 0.5 4.8 ± 2.0 3.1 ± 008 9.0 ± 1.4 *** * NS DMNT 1 0.1 ± 0.1 0.2 ± 0.1 1.2 ± 0.3 2.2 ± 0.5 0.8 ± 0.2 3.4 ± 1.0 3.9 ± 1.6 6.5 ± 2.8 7.1 ± 1. 2.0 ± 1.2 3.7 ± 2.0 4.4 ± 0.8 9.4 ± 2.9 4.2 ± 0.6 32.1 ± 4.5 + 7.6 ± 2.6 18.8 ± 8.0 15.1 ± 1.6 26.2 ± 8.3 20.3 ± 6.9 52.4 ± 14.9
Tentative identification.
APHID-INDUCED VOC EMISSIONS FROM PEACH CULTIVARS
was reopened and the apex either infested with 20 adult aphids or artificially wounded by piercing the six most major leaves of the apex plants once either side of the mid vein with a rack of five pins, each 0.6 mm in diameter. The apex was then reintroduced into the chamber, and VOC emissions were repeatedly measured on both the treated and the control plants. For all replicates, eight measurements were made over 3 days, while for some replicates a higher frequency of measurements or a prolonged monitoring of VOC emissions was performed.
In a complementary experiment, we tested whether the aphids present on the apex of three Rubira plants contributed to the observed VOC emissions. To this end, approximately 35 h following the addition of 20 aphids to each plant, the plant apex was introduced to the chamber, and emissions were measured. All aphids were then removed from the enclosure and carefully placed in a glass U-tube, plugged at either end with deactivated glass wool and connected to the same air supply as the plant chamber. VOC emissions were then collected from the U-tube as well as from the plant apex without the aphids as before. No VOC emissions from the aphids could be detected, whereas the Rubira plants showed the same VOC profile emitted in similar quantities as before (data not shown).
VOC collection and analysis
Volatile compounds in the chamber air were trapped using an adsorbent resin (200-300 mg Tenax TA, 20-35 mesh, Chrompack) contained in glass (Chrompack) and stainless steel (Perkin Elmer) tubes. Three litres of air from the chambers with or without plants (i.e., background measurement) was drawn through the tubes at 100 ml min − 1 using mass flow regulated samplers. VOC analyses were made by capil- . Effects of aphid infestation (left panels) and wounding (right panels) on the emissions of different VOC classes (terpenoids, methylsalicylate and green leaf volatiles plus benzaldehyde) from the aphid-resistant peach genotype Rubira (squares) and the susceptible peach genotype GF305 (circles). Emissions were measured over 4 days: three times on Day 0 (once before and twice after treatments), three times on Day 1, twice on Day 2 and one time on Day 3. Data are means ± standard errors of two or three replicates. This figure appears in color in the online version of Tree Physiology. lary gas chromatography (GC) combined either with a flame ionization detector (GC/FID) or with a mass spectrometer (GC/MS). The GC/FID system consisted of a Chrompack CP9003 gas chromatograph equipped with a Chrompack TCT 4002 thermo-desorber. GC/MS analyses were made with a Varian CP3800 gas chromatograph combined with a Saturn 2000 ion-trap mass spectrometer and a Perkin Elmer Turbomatrix thermo-desorption unit. Helium was used as carrier gas (1.0 ml min − 1 constant) in both systems.
Trapped VOCs were thermally desorbed and injected into the GCs after pre-concentration in a cold trap (two-stage thermo-desorption) with the following temperature programmes: GC/FID: desorption 10 min at 220°C, preconcentration at −120°C on a piece of deactivated capillary column (0.53 mm), injection 1 min at 220°C, transferline 220°C; GC/MS: desorption 15 min at 230°C, preconcentration at −30°C on a Tenax TA cold trap, injection 5 min at 230°C, transfer-line 200°C. In both GC systems, peaks were separated on a Chrompack Sil 8 CB low bleed capillary column (30 m × 0.25 mm × 0.25 μm) using the following temperature programme: 3 min at 40°C, 3°C min
VOC emissions were quantified by GC/FID data and compound identities established by GC/MS. Peaks were identified by comparing their mass spectra and retention times with those from authentic standards analysed under the same conditions. In the absence of standards, we used mass spectra from the GC/MS library (NIST 1998) and Kovats indices (Adams 2007 ) calculated with the retention times of alkane standards. Compounds indentified in this way are hereafter referred to as 'tentatively identified'. The GC systems were calibrated by means of standard solutions, which were prepared from authentic pure standards (Fluka, Sigma and Bedoukin) using either methanol or dichloromethane as solvent. For calibration, an aliquot of a freshly prepared standard containing a realistic amount of a VOC was injected into the volatile collecting tubes, purged for 6 min with pure nitrogen at 50 ml min −1 and then analysed using the same methods as detailed above. Per nanogram response factors of the GC/FID for individual compounds were calculated from five repetitions.
Before and after each collection of VOC, the CO 2 /H 2 O gas exchanges of the Prunus apices were recorded using a CI-301PS CO 2 Gas Analyzer (CID, Inc. USA). The gas analyser was configured to measure absolute CO 2 concentration and relative humidity of the air entering and exiting the chambers. Photosynthesis and transpiration rates were calculated from these data according to von Caemmerer and Farquhar (1981) .
Data treatments
The emission rate of a given VOC was calculated as the difference between the VOC concentration in the chamber with apex and the concentration in the empty chamber (zero in many cases), multiplied by the chamber air flow rate and divided by either the apex dry weight or the projected leaf area. Two-way analyses of variance (ANOVA) with StudentNewman-Keuls post hoc tests were conducted for the factors aphid and genotype on the emission data of each single VOC that was released by all genotypes as well as on the sum of VOC emissions. In addition, individual Student t-tests were performed to detect an aphid effect on emission rates of compounds that were only found in some but not all genotypes. Differences were considered as significant at a probability level of P < 0.05. Data were log transformed to meet normality and homoscedasticity. All analyses were carried out using SigmaStat 3.0 (SPSS Inc., Chicago, IL, USA).
Results
Screening of Prunus genotypes for constitutive and aphid-induced VOC emissions
All Prunus genotypes, infested or not, emitted VOCs only in low quantities. Total VOC release rarely exceeded 50 ng m for uninfested apices. VOCs emissions from all Prunus genotypes contained mainly four VOCs: the monoterpene (E)-β-ocimene, the homoterpene (E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), the benzenoid methyl-salicylate and the sesquiterpene (E,E)-α-farnesene plus low amounts of (E)-β-farnesene (Table 2 ). In addition, trace emissions of the sesquiterpenes nerolidol and another farnesene isomer tentatively identified as (Z,E)-α-farnesene were regularly observed in all genotypes except GF305. Further to these seven principal VOCs, traces of several other VOCs were consistently observed in the emissions of some genotypes: the benzenoid methyl-benzoate and a sesquiterpene tentatively identified as dendrolasin were exclusively found in the emissions of aphid-infested Rubira and WFP plants, two genotypes expressing the same type of resistance (antixenosis) to M. persicae. The monoterpene alcohol linalool was emitted by the genotypes Summergrand, Pamir and P. davidiana, the sesquiterpene α-cubebene by Summergrand and Pamir, and another sesquiterpene tentatively identified as cyclosativene by Summergrand and WFP. On average, the emission rates of these trace components were higher in infested plants than in uninfested plants, but differences were significant (P < 0.05, t-test) only for methyl-benzoate and dendrolasin emissions from the Rubira genotype. However, there were significant positive aphid effects and significant genotype effects for total VOC release as well as for the emission rates of each of the seven main compounds except for nerolidol, which increased only marginally in response to aphid infestation (P = 0.07, Table 2 ). The aphid effect on the emissions of some VOCs depended on the genotypes as indicated by the significant Genotype × Aphid interactions and results from the post hoc tests (Table 2 ). For instance, aphid attack significantly enhanced (E,E)-α-farnesene emissions only in the highly resistant genotypes Rubira, WFP and P. davidiana and not in the weakly resistant (Summergrand) and susceptible (GF305, Pamir) genotypes. Statistically, most significant increases in VOC release in response to aphid attack were found in Rubira followed by the wild relative P. davidiana, the two genotypes emitting also VOCs at the highest rates when infested with M. persicae. ). On a relative scale, average emissions increased following aphid infestation more than sevenfold in Rubira, less than threefold in P. davidiana, WFP and Pamir and less than twofold in Summergrand and GF305. Together, both qualitative and overall quantitative differences in aphid-induced VOC emissions could be seen among the six Prunus genotypes. While the highly susceptible genotype GF305 did not emit VOCs upon aphid infestation, resistant genotypes such as Rubira clearly responded with enhanced VOC release. Beside the above mentioned VOC species, traces of other volatiles were occasionally observed in the headspace of the enclosed Prunus apices without clear association with aphid infestation or genotype: several non-oxygenated and oxygenated terpenoids, among which we have identified limonene, (E)-linalool-oxide, (Z)-β-farnesene and γ-himachalene (tentative identification); the benzenoids benzaldehyde, hexenyl-benzoate and hexenylsalicylate; further jasmone and diverse C6-compounds mainly (Z)-3-hexen-1-ol and its derivative (Z)-3-hexenyl-acetate hereafter referred to as green leaf volatiles (GLVs).
No significant aphid or genotype effects were observed on photosynthesis or other CO 2 /H 2 O gas exchange parameters (data not shown). Photosynthesis rates of Prunus apices were rather low and variable, which can be attributed to the high respiration rate of the growing, immature leaf and stem tissues. The mean photosynthesis rate of the six Prunus genotypes was 1.5 ± 1.3 (SD) μmol m − 2 s − 1 and the mean stomatal conductance 81 ± 76 (SD) mmol m −2 s −1 .
The number of remaining aphids after 48 h infestation differed between Prunus genotype apices; the lowest number was observed on the two genotypes expressing antixenosis resistance and the highest number on the susceptible genotypes (Table 2) . Across genotypes, the number of remaining aphids was not correlated with aphid-induced VOC emission rates (R 2 : 0.03, n = 20, data not shown).
Time courses of VOC induction in response to wounding and aphid attack Figure 1 displays the time courses of induction of two different VOC classes (main terpenoids, methyl-salicylate and GLVs plus benzaldehyde) in response to aphid attack and to wounding in the genotypes Rubira and GF305. During these experiments on infested plants, aphids remained permanently enclosed in the chambers together with the apices and therefore had less space to move than during the screening experiment. Nevertheless, the aphid's behaviour differed markedly on the two peach genotypes. Aphids settled rapidly on GF305 and remained on the apices for the duration of the experiment. Considerable numbers of progeny were produced, and the prolonged feeding by the aphids induced leaf curling. In contrast, aphids placed on Rubira apices were observed to settle for only the first day of experimentation. Thereafter, aphids regularly changed feeding sites or even moved away from the apex to the chamber envelope. On abandoned feeding sites, the development of necrotic spots became visible. Consistent with the results from the screening experiment, aphid attack induced the emissions of terpenoids and methyl-salicylate in the resistant Rubira cultivar (Figure 1 , left panels). Emissions became first detectable within 24 h and increased over the course of the second and third days of experimentation. In contrast, the susceptible GF305 genotype showed no clear induction of terpenoids or methyl-salicylate emissions throughout the experiment. Even 1 week after infestation, when the apices of GF305 were completely colonized by aphids, no significant VOC release could be detected (data not shown). Emissions of GLVs and benzaldehyde in response to aphid attack were similar in GF305 and Rubira. The emissions of these compounds were low and scattered. The highest rates appeared usually during the first two measurements (i.e., the measurements immediately before and after aphid infestation). In both cultivars, mechanical wounding of apical leaves resulted in an immediate burst of emissions of benzaldehyde and GLVs, mainly (Z)-3-hexen-1-ol and another C6 compound, (Z)-3-hexenyl-acetate and hexenyl-butyrate (Figure 1, right in all subsequent measurements on the same and the following days. A more detailed analysis of the wound response measured on one Rubira replicate revealed the rapid kinetics of the GLV and benzaldehyde bursts (Figure 2 ): maximum emission rates of these compounds were again recorded in the first measurement approximately 5 min after wounding followed by a rapid attenuation. Emissions of all compounds reached pretreatment levels within 120 min except for benzaldehyde emissions that dropped a bit more slowly. No clear induction of terpenoids or methyl-salicylate emissions resulted from wounding in either Prunus genotype even after 3 days (Figure 1 , upper right panels).
Discussion
Variability in aphid-induced VOC emissions and its relation to resistance
Our results demonstrate for the first time the existence of intraspecific variability in aphid-induced VOC emissions from plants. Interestingly, substantial VOC releases upon infestation were seen in all resistant peach genotypes regardless of the type of resistance but not in the susceptible genotypes even when plants were heavily colonized by aphids. In addition, the relative increases in emissions following aphid infestation were lowest in the two genotypes expressing increased susceptibility to M. persicae after prior infestation (Summergrand and GF305, cf. Table 1 ). The association between emission rates and resistance traits suggests that induced VOCs participate in the plant's defence against aphids or at least are part of a general resistance syndrome co-induced with other defence reactions. Induced VOC emissions may participate in the plant defence as semiochemicals that disturb aphid settlement and proliferation or attract aphid predators and parasitoids. Many studies have shown that plant VOCs can attract aphid predators such as lacewings (James 2003 , hoverflies (Francis et al. 2005 , Harmel et al. 2007 , Verheggen et al. 2008 ) and lady beetles (Ninkovic et al. 2001 , Zhu and Park 2005 , Girling and Hassall 2008 and aphid parasitoid wasps (Du et al. 1998 , Beale et al. 2006 , Girling et al. 2006 , Pareja et al. 2007 , Yang et al. 2009 ). Some of the VOCs shown to be attractive to natural enemies were also observed in our study on Prunus (methylsalicylate, (E)-β-farnesene linalool, (E)-β-ocimene). Whether these VOCs also confer indirect protection to peach trees against M. persicae attacks in orchards remains to be established. Other, more direct defences seem to be involved in the resistant Prunus genotypes. Results from electrical monitoring of the M. persicae probing behaviour suggest that endogenous factors from several plant tissues (mesophyll, vascular parenchyma or phloem) could play a key role in the aphid ability to reach the sieve elements and to feed from the phloem sap (Sauge et al. 1998a (Sauge et al. , 2004 ).
Induced VOC emissions may also be part of such an antixenosis defence syndrome that contributes to directly deter the aphids from staying on the apices. Among the emitted VOCs from Prunus apices, methyl-salicylate, linalool and overall E-β-farnesene, a common alarm pheromone of aphids, have been reported to have repellent or dispersal effects on aphids (Gibson and Pickett 1983 , Aharoni et al. 2003 , Beale et al. 2006 , Hatano et al. 2008 . Indeed in our study, the highest numbers of remaining aphids were observed on the susceptible GF305 as well as on the resistant wild relative P. davidiana, the two genotypes that emitted E-β-farnesene only in traces without substantial increase after infestation (Table 2 ). On the other hand, (E)-β-farnesene was not particularly abundant in the genotypes expressing antixenosis resistance (Rubira, WFP), on which also the lowest number of remaining aphids was observed. The VOC emissions of these genotypes showed, however, a high abundance of (E,E)-α-farnesene (44 and 33% versus 2-9% in all other genotypes). Perhaps (E,E)-α-farnesene in combination with its isomer E-β-farnesene and other VOCs may have a strong dispersal effect on the M. persicae clone that we used in our study.
Another possible role of induced VOC emissions is that they act as airborne phytohormones that prime or boost defence mechanisms and VOC emissions in distal, non-infested parts of the plant or in neighbouring plants Ton 2008, Vlot et al. 2008) . Such phytohormone properties have been demonstrated for methyl-salicylate (Shulaev et al. 1997 , Park et al. 2007 ) and GLVs (Farag and Pare 2002 , Engelberth et al. 2004 , Frost et al. 2008 . GLV emissions were not regularly observed in our screening study, whereas methylsalicylate was consistently found in the emissions of infested Prunus apices. Methyl-salicylate emissions scaled positively with the emissions of aphid-induced terpenoids in all genotypes albeit with different slopes (R 2 from 0.57 to 0.93, data not shown), implying that the induction of these two different VOC classes was linked. Also, the highest emissions of methyl-salicylate in both absolute and relative amounts were found in Rubira and P. davidiana, whose resistance to M. persicae is enhanced after initial aphid infestation (cf . Tables 1 and 2 ). These observations are in agreement with a possible role of methyl-salicylate in plant stress signalling to aphid attack and elicitation of defence reactions in peaches.
Induction of VOC emissions by aphids
Induction of VOC emissions by aphids in Rubira proceeded slowly with a delay of several hours indicating regulatory processes at the transcript level and protein de novo synthesis. In contrast, artificial wounding caused an immediate burst of GLVs and benzaldehyde but no emissions of aphid-induced terpenoids and methyl-salicylate. The burst of benzaldehyde released from Prunus leaves following wounding can be explained by the enzymatic breakdown of Prunasin, a cyanogenic glycoside commonly found in leaves of Prunus and other Rosaceae (e.g., Santamour 1998). GLVs are ubiquitously observed in plant emissions in response to wounding and herbivory or strong oxidative stresses (Heiden et al. 2003 , Beauchamp et al. 2005 and are formed in the lipoxygenase (LOX) pathway by the enzymatic oxidation of linolenic acid (Matsui 2006) . Upon wounding, they are typically released within a few minutes (D'Auria et al. 2007 ) as we observed in our study. Another product arising from the LOX pathway is jasmonate (and its derivatives jasmone and methyl-jasmonate), which is a core phytohormone in the signalling and regulation of defence reactions to herbivory including the induction of VOC emission (e.g., Thaler 1999 , Wasternack 2007 . Some studies have shown that application of jasmonate, wounding or oxidative stresses can induce VOC emissions similar to those induced by herbivore feeding (Arimura et al. 2004 , Vuorinen et al. 2004 , Behnke et al. 2009 ). However, in our study, aphid feeding on the six Prunus genotypes triggered no or only low emissions of GLVs and benzaldehyde even when apices were heavily infested. Moreover, low amounts of GLVs were also observed in the emissions of Prunus apices before infestation with aphids ( Figure 1 ) or in the emissions of uninfested control plants, probably caused by the handling of the apices during the installation in the chambers as reported elsewhere (e.g., Blande et al. 2010) . These observations and the fact that artificial wounding induced a huge GLV burst but no emissions of aphid-induced VOCs suggest that green peach aphids caused only minimal tissue damage when piercing plant tissues and that aphid specific elicitors such as saliva proteins (Harmel et al. 2008 ) are involved in the signal transduction leading to the induction of terpenoid biosynthesis in Prunus leaves. Similar to our results, Harmel et al. (2007) found new emerging compounds in the VOC emission spectrum of potato plants only after infestation with M. persicae but not after mechanical damage. The absence of LOX products in aphid-induced emissions may also indirectly confirm that phloem-feeding insects avoid jasmonate-based defence responses, commonly associated with chewing herbivore attacks, or illicit signals that repress them, such as salicylate (Thompson and Goggin 2006, Walling 2008) . Like jasmonate, salicylate is a hormone involved in plant defence reaction, especially in interactions with piercing-sucking arthropods and pathogens (Leitner et al. 2005) , for which antagonistic properties to jasmonate have been reported (Thaler et al. 2002 , Zarate et al. 2007 . Accordingly, in the present study on peach, methylsalicylate, the volatile derivative of salicylate, was consistently found in the emissions of aphid-induced apices, whereas in a previous study on oaks infested by gypsy moth caterpillars, it could hardly be detected in the induced VOC emissions (Staudt and Lhoutellier 2007) . Likewise, in a recent study on birch and alder, methyl-salicylate largely dominated the VOC emissions induced by aphid attacks but was very low or absent in the VOC emissions induced by beetle attacks .
Are aphid-induced VOC emissions relevant to VOC release from vegetation?
In the absence of aphid attack, VOC emission from all peach genotypes hardly exceeded trace level (Table 2) , confirming previous works by Winer et al. (1992) and Nogues et al. (2006) , who classified peach as a non-emitting species. However, the present study shows that even a moderate aphid attack can be sufficient to considerably increase emissions from Prunus foliage. The major VOCs we detected in Prunus emissions (i.e., (E,E)-α-farnesene, DMNT, (E)-β-ocimene and methyl-salicyate) are common VOCs emitted by plants in response to phloem feeders and other biotic stresses, in particular from infested tree species (Table 3) . Such emissions, due to the large size and polarity of the molecules, are considered to be most relevant for the formation of secondary organic aerosols and cloud condensation nuclei with important implications for the Earth's climate (Kulmala et al. 2004 , Hallquist et al. 2009 , Mentel et al. 2009 ). Concerning the quantities of VOCs emitted, most previous studies on VOC emissions induced by phloem feeders employed nonquantitative methods or do not report emissions in comparable units, i.e., the amount of VOCs emitted per unit time and per unit plant biomass or unit surface area. Often, metainformation to convert them to common units is lacking. Of the literature listed in Table 3A , three studies on pear, beech, birch and alder report emission rates that are in a similar range to ours, while two other studies on cotton and corn found no emissions at all. Compared with emission rates induced from other biotic stresses such as chewing insects or pathogens (Table 3B) , our data range rather at the low end. However, these literature data refer sometimes to emission rates under standard temperature and light conditions of 30°C and 1000 μmol m −2 s −1 PPF (e.g., Lhoutellier 2007, Brilli et al. 2009 ), while our experiments were conducted at lower temperature and light conditions (i.e., 25°C and 400 μmol m − 2 s − 1 PPF). Assuming a temperature response with a Q 10 of 3 and a light response similar to that observed for other isoprenoid emissions (Grote and Niinemets 2008) , the correction to standard conditions will increase our data by a factor of about 2. The emission rates may further increase if peach trees are attacked by a higher number of aphids than we applied in our study, although the dose dependency of biotic stress-induced VOC emissions are currently not well understood (Arneth and Niinemets 2010, Niinemets 2010) . Actually in our study, the emission rates of the diverse aphid-infested Prunus genotypes were not correlated with the number of aphids present on these plants at the time of measurement, indicating that in plant/aphid populations with heterogeneous compatibility, induced VOC emissions would not necessarily scale with the degree of infestation. Similar genotype-dependent variability of induced VOC emissions may exist in other plant/aphid systems, and this could explain why in previous studies aphid-induced emissions were not always detectable (Table 3) . It could also explain observations of 'Net Emission rates' estimate the net amount of biotic stress-induced plant VOC emitted per unit dry biomass or projected leaf surface either given as means or ranges. Net amount refers to the difference between the constitutive emissions of uninfested plants and the induced emissions of infested plants.
2 Scutareanu et al. 2003 reports emission rates on a fresh weight basis that we converted to a dry weight basis by assuming a dry to fresh weight ratio of 0.3.
3
Deduced from chromatograms shown in the paper.
4
Depends on plant growth stage.
5
Data from field observations without experimental infestation of plants. 6 Not clear whether the VOCs are released by the plant and/or by the aphids.
episodic emissions of sesquiterpenes, methyl-salicylate and other typical stress VOCs from apparently healthy vegetation (e.g., Hakola et al. 2006 , Karl et al. 2008 , Staudt et al. 2008 . Given that aphids are omnipresent in most terrestrial ecosystems and, moreover, vectors of microbes (Holopainen 2008 , Walling 2008 , feeding attempts of migrating aphids on more resistant genotypes within host plant populations may lead to temporary and localized emissions of stress VOCs without evidence of herbivore attack. Thus, we speculate that aphids could be an important yet overlooked biological factor influencing the total atmospheric VOC load over vegetation. Clearly, more quantitative studies comparing aphid-induced VOC emissions of compatible and incompatible systems are warranted.
To conclude, our study on M. persicae and peach cultivars demonstrated that even a moderate aphid attack can be sufficient to induce VOC emissions in plants. Aphid attacks induced mainly emissions of methyl-salicylate and terpenoids, whereas artificial wounding of leaves did not induce these compounds but resulted in the immediate emissions of GLVs. Qualitative and overall quantitative differences in aphid-induced VOC emissions could be detected among peach genotypes, underlining the need to determine VOC emissions by quantitative methods on intact plants under environmentally controlled conditions. Several genotypic differences in VOC emissions were associated with resistance traits. Most notably, the amount of induced VOCs from diverse Prunus genotypes was clearly linked to resistance to aphid attack irrespective of its mode of action. We conclude that the induction of VOC emissions in resistant peach cultivars is part of a general defence syndrome that is being avoided or suppressed by M. persicae in the susceptible genotypes. The induction likely involves an aphid-specific elicitor and (methyl)-salicylate in the subsequent signalling and regulation processes that should include gene activation due to the marked delay in the emission response. Future studies should focus on selected genotypes to better understand stress signalling and the key metabolic reactions that together lead to incompatibility with aphids and the role of VOC formation therein.
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